arXiv:hep-ph/0511273 v2 22 Feb 2006

τ^− → μ^−π^0(η, η^′) Decays in New Physics Scenarios beyond the Standard Model

Wenjun Li, Yadong Yang,^∗ and Xiangdan Zhang Department of Physics, Henan Normal University, XinXiang, Henan, 453007, P.R.China

The semileptonic decays τ^− → μ^−M(M = π^0 , η, η^′ ) could be sensitive probe for new physics scenarios with lepton flavor violation(LFV). Motivated by the recent Belle measurement, we investigate these decays in type III two-Higgs-doublet model (2HDM III), R-parity violating supersymmetric models(RPV SUSY) and flavor changing Z^′ models with family non-universal couplings, respectively. In these new physics scenarios, there are LFV couplings at tree level. Our results have shown that the decays are very sensitive to the LFV couplings and could be enhanced to the present experimental sensitivities. We have derived strong bounds on relevant couplings of these models, which may be useful for further relevant studies.

PACS numbers: 13.35.Dx, 12.15.Mm, 12.60.-i

I. INTRODUCTION

The flavor physics of fermions are among the most mysterious fundamental problems in particle physics. In the standard model(SM), neutrinos are exactly massless due to the absence of the right handed chiral states (ν_R) and the requirement of SU (2)_L gauge invariance and renormalizability, so that the chirality conservation implies lepton number conservation. In the past decade, the most exciting progress in understanding of these issues has been the observation[1] of oscillation of atmospheric neutrinos with very large mixing. The observation shows that neutrinos are massive and the lepton flavor violating (LFV) exists in the neutral lepton sector.

In the SM supplemented with massive neutrinos, the neutrino mixing will induce, at loop level, rare LFV processes in charge lepton sector such as τ → μγ, τ → μM (M=light hadrons), etc. These processes are expected to be proportional to the ratio of masses of neutrinos over the masses of the W bosons, which is negligible small. However, the τ → μ mixing could be large in new physics models[2], thus the LFV τ decays provide some sensitive probes for new physics beyond the Standard Model.

It is interesting to note that the B factories BaBar and Belle are also τ factories. The τ production cross section at BaBar and Belle is as large as σ_e+_e−_{→τ} −_τ + = 0.89nb. The integrated luminosity up to now at Belle is about 540fb^{−1}, which corresponding to about 4 × 10^8 τ^−τ^+ pairs. While integrated luminosity at BaBar is about 320fb^{−1}. As BaBar

∗Corresponding author; Electronic address: yangyd@henannu.edu.cn

and Belle are steadily accumulating more data, it would be very promising to search for rare τ decays at BaBar and Belle to constrain or reveal new physics effects.

Experimental searches have been performed for τ rare decays associated LFV such as τ → e(μ)η [3, 4, 5], τ → e(μ)μ^+μ^− [6], τ → e(μ)π^+π^− [7] and τ → e(μ)γ [8]. The primary theoretical studies are focused on μ and τ radiative decays and their decays to three charged leptons in different models [9, 10]. There are also many studies on decays τ → ℓM . Ilakovac et al., have studied τ → e(μ)M decays in models with heavy Dirac or Majorana neutrinos and found τ → eϕ(ρ^0, π^0) with branching ratios of order 10^{−6} [11]. Sher has investigated the decays τ → μη in the large tan β region in seesaw MSSM [15]. In MSSM model, these decays are analyzed by Fukuyama et al [12]. Brignole and Rossi[13] has presented a comprehensive theoretical study on these decays recently in a general unconstrained MSSM. A model independent study has been preformed by Black et al [14] to bound new physics scales.

In order to get information on LFV couplings, an important observable, the anomalous magnetic moment of the muon (g −2)_μ, should be considered additionally. Several works constraining LFV processes from previous estimations on a_μ have been carried out in Refs[16, 17].

The most recent experimental search for semileptonic LFV τ transitions has performed by Belle [4] using only 153.8fb^{−1} data B(τ → μπ^0) < 4.1 × 10^{−7}, 90% CL B(τ → μη) < 1.5 × 10^{−7}, 90% CL B(τ → μη^′) < 4.7 × 10^{−7}, 90% CL. (1) These results are already 10 to 64 times more restrictive than previous CLEO limits[3]. Using the theoretical formula derived by Sher[15] in a seesaw MSSM, the Belle new results have improved the constraints of the allowed parameter space for m_A − tan β in MSSM. It would be very worthy to study these decays in other new physics models to derive bounds on relevant parameters. In this paper, we will study these decays in three new physics scenarios, namely, • the 2HDM III[18, 19, 20], where FCNC and LFV could arise at the tree level in the Yukawa sector when the up-type quarks and down quarks are allowed simultaneously to couple more than one scalar doublet, • SUSY theories with R-parity broken [21, 22, 23], in which the R parity odd interactions can violate the lepton and baryon numbers as well as couple the different generations or flavors of leptons and quarks, • flavor changing Z^′ models[25, 26, 27] with family non-universal couplings.

We have shown that the LFV semileptonic τ decays could be enhanced to the present B factories sensitives in the above three scenarios, thus we have derived bounds on the LFV couplings in the models, which are tighter than exiting ones in the literature.

In next section, we present calculations of the decays and bounds on the LFV couplings in the aforementioned three scenarios. Finally in Sec.III, we give our conclusions.

II. MODEL CALCULATIONS

A. Hadronic matrices of local operators

Before detail model calculations of τ → μM (M = π^0, η, η^′), we would specify hadronic matrices elements which are inputs for calculating these decay amplitudes.

At first, we need ⟨π^0(p)|qγ^μγ_5q|0⟩ = − i √ 2 f_π p_μ (2) with f_π = 130 ± 5 MeV, and the so-called chiral condensation matrix ⟨π^0(p)|qγ_5q|0⟩ = − i √ 2 f_π m^2_π 2m_q (3) where q=u or d. We will see that the 1/2m_q factor will cancel the corresponding quark mass coupling of the weak scalar interaction operators, and thus enhances scalar interaction contributions.

As for η and η^′, the situation is much more complicated than π^0. The relevant matrices are defined by ⟨M (p)|q̄γ^μγ_5q|0⟩ = − i √ 2 f^q_M p^μ, 2m_q⟨M (p)|q̄γ_5q|0⟩ = − i √ 2 h^q_M , ⟨M (p)|s̄γ^μγ_5s|0⟩ = −if^s_M p^μ, 2m_s⟨M (p)|s̄γ_5s|0⟩ = −ih^s_M , (4) where M = η or η^′. These equations define eight non-perturbative parameters, which however are not all independent. They could be related to fewer independent non-perturbative parameters by η − η^′ mixing scheme. In this paper, we will take the Feldmann-Kroll-Stech (FKS) mixing scheme[30]. In FKS mixing scheme the parton Fock state decomposition can be expressed as |η⟩ |η^′⟩ = cos ϕ − sin ϕ sin ϕ cos ϕ |η_q⟩ |η_s⟩ , (5)

where ϕ is the mixing angle, |η_q⟩ = (|uū⟩ + |dd̄⟩)/ √ 2 and |η_s⟩ = |ss̄⟩. The four parameters f^i_M are therefore related by f^q_η = f_q cos ϕ, f^s_η = −f_s sin ϕ, f^q_η′ = f_q sin ϕ, f^s_η′ = f_s cos ϕ, (6) and an analogous set of equations for the h^i_M h^q_η = h_q cos ϕ, h^s_η = −h_s sin ϕ, h^q_η′ = h_q sin ϕ, h^s_η′ = h_s cos ϕ. (7) Moreover the h_q and h_s could be related to f_q, f_s and mixing angle ϕ [31] h_q = f_q (m^2_η cos^2 ϕ + m^2_η′ sin^2 ϕ) − √ 2f_s(m^2_η′ − m^2_η ) sin ϕ cos ϕ, h_s = f_s(m^2_η′ cos^2 ϕ + m^2_η sin^2 ϕ) − f_q √ 2 (m^2_η′ − m^2_η) sin ϕ cos ϕ. (8) The three remaining parameters f_q , f_s and ϕ in FKS scheme have been constrained from the available experimental data with results[30] f_q = (1.07 ± 0.02)f_π, f_s = (1.34 ± 0.06)f_π, ϕ = 39.3^∘ ± 1.0^∘. (9) From these parameters and f_π , Beneke and Neubert[31] have derived

f^q_η = 108 ± 3M eV, f^s_η = −111 ± 6M eV, h^q_η = 0.001 ± 0.003GeV^3, h^s_η = −0.055 ± 0.003GeV^3, f^q_η′ = 89 ± 3M eV, f^s_η′ = 136 ± 6M eV, h^q_η′ = 0.001 ± 0.002GeV^3, h^s_η = 0.068 ± 0.005GeV^3. (10) It should noted that h^q_η and h^q_η′ are poorly determined. In our numerical calculations, we take these hadronic parameters with 1σ variant to display their uncertainty effects on our bounding on LFV couplings. Now we are ready to calculate the decays in the aforementioned three new physics scenarios.

B. τ → μM decays in 2HDM III

Two Higgs Doublet Model(2HDM) is the popular and the most simplest extension of the SM with a scalar sector made of two instead of one complex scalar doublets. In order to build a 2HDM without FCNC at tree level, it is achieved by requiring either that u-type and d-type quarks couple to the same doublet(2HDMI) or that u-type quarks couple to one scalar doublet and d-type quarks to the other(2HDMII). The case in which scalar FCNC not forbidden is dubbed 2HDMIII, where the Higgs doublets could couple to both the u- and d type quarks at the same time[19, 20].

Generally one can write Yukawa Lagrangian of 2HDMIII [19, 20, 28] L_Y = η^U_{ij}Q̄_{i,L}H̃_1U_{j,R} + η^D_{ij} Q̄_{i,L}H_1D_{j,R} + ξ^U_{ij}Q̄_{i,L}H̃_2U_{j,R} + ξ^D_{ij} Q̄_{i,L}H_2D_{j,R} + h.c., (11) where H_i(i = 1, 2) are the two Higgs doublets. Q_{i,L} is the left-handed fermion doublet, U_{j,R} and D_{j,R} are the right-handed singlets, respectively. These Q_{i,L}, U_{j,R} and D_{j,R} are weak eigenstates, which can be rotated into mass eigenstates, while η^{U,D} and ξ^{U,D} are the non-diagonal matrices of the Yukawa couplings.

For convenience one can express H_1 and H_2 in a suitable basis such that only the η^{U,D}_{ij} couplings generate the fermion masses, i.e.,

⟨H_1⟩ = 0 v√ 2 , ⟨H2⟩ = 0. (12)

The two doublets in this basis have the form

H_1 = 1 √ 2 0 v + ϕ^0_1 + √ 2 G^+ iG^0 , H2 = 1 √ 2 √ 2 H^+

ϕ^0_2 + iA^0 , (13)

where G^{0,±} are the Goldstone bosons, H^± and A^0 are the physical charged-Higgs boson and CP-odd neutral Higgs

boson respectively. The advantage of choosing the basis is the first doublet H_1 corresponding to the scalar doublet

of the SM while the new Higgs fields arising from the second doublet H_2. So H^0_2 does not couple to gauge bosons of

the form H^0_2 ZZ and H^0_2 W^+W^−.

In Eq.(13), ϕ^0_1 and ϕ^0_2 are not the neutral mass eigenstates but linear combinations of the CP-even neutral Higgs

boson mass eigenstates H^0 and h^0

H^0 = ϕ^0_1 cos α + ϕ^0_2 sin α, (14)

h^0 = −ϕ^0_1 sin α + ϕ^0_2 cos α, (15)

where α is the mixing angle. In the case of α = 0, (ϕ^0_1, ϕ^0_2) coincide with the mass eigenstates of H^0 and h^0.

After diagonalizing the mass matrix of the fermion fields, the Yukawa Lagrangian becomes L_{Y C} = η̂^U_{ij}Q̄_{i,L}H̃_1U_{j,R} + η̂^D_{ij} Q̄_{i,L}H_1D_{j,R} + ξ̂^U_{ij}Q̄_{i,L}H̃_2U_{j,R} + ξ̂^D_{ij} Q̄_{i,L}H_2D_{j,R} + h.c., (16) where Q_{i,L}, U_{j,R}, and D_{j,R} now denote the fermion mass eigenstates and η̂^{U,D} = (V^{U,D}_L )^{−1} · η^{U,D} · V^{U,D}_R = √ 2 v M^{U,D}(M^{U,D}_{ij} = δ_{ij} m^{U,D}_j ), (17) ξ̂^{U,D} = (V^{U,D}_L )^{−1} · ξ^{U,D} · V^{U,D}_R . (18)

In Eq.(18), V^{U,D}_{L,R} are the rotation matrices acting on up and down-type quarks, with left and right chiralities respec-

tively. Thus V_{CKM} = (V^U_L )^†V^D_L is the usual Cabibbo-Kobayashi-Maskawa (CKM) matrix. We can see from Eq.(16)

that the matrices ξ̂^{U,D}, as defined by Eq.(18), allow scalar-mediated FCNC. That is, in the quark mass basis only

the matrices η̂^{U,D} of Eq.(17) are diagonal, but the matrices ξ̂^{U,D} are in general not diagonal. The FCNC part of the

Yukawa Lagrangian is L_{Y,F CNC} = − H^0 sin α + h^0 cos α √ 2 { Ū [ ξ̂^U 1 2 (1 + γ_5) + ξ̂^{U†} 1 2 (1 − γ_5) ] U + D̄ [ ξ̂^D 1 2 (1 + γ_5) + ξ̂^{D†} 1 2 (1 − γ_5) ] D }

+ iA^0 √ 2 { Ū [ ξ̂^U 1 2 (1 + γ_5) − ξ̂^{U†} 1 2 (1 − γ_5) ] U − D̄ [ ξ̂^D 1 2 (1 + γ_5) − ξ̂^{D†} 1 2 (1 − γ_5) ] D } . (19)

The corresponding Feynman rules from Eq.(19) can be found in Refs. [19, 29].

Because the definition of ξ^{U,D}_{ij} couplings is arbitrary, we can take the rotated couplings as the original ones and

shall write ξ^{U,D} in stead of ξ̂^{U,D} hereafter.

In this paper, we use the Cheng-Sher ansatz [28] ξ^{U,D}_{ij} = λ_{ij} √m_im_j v (20) which ensures that the FCNC within the first two generations are naturally suppressed by small fermions masses. This

ansatz suggests that LFV couplings involving the electron are naturally suppressed, while LFV transition involving

muon and tau are much less suppressed and may generate sizeable effects.

The decay amplitudes are given by

A(τ^− → μ^−π^0) = G_F 4 √ m_μm_τ f_π0 m^2_π0 { Eλ_{τμ}(μ̄τ )_{S+P} + F λ^∗_{τμ}(μ̄τ )_{S−P} } , (21)

A(τ^− → μ^−η) = G_F 2 √ 2 √ m_μm_τ {[ h^q_ηJ_q + h^s_η J_s ] λ_{τμ}(μ̄τ )_{S+P} + [ h^q_ηK_q + h^s_ηK_s ] λ^∗_{τμ}(μ̄τ )_{S−P} } , (22)

A(τ^− → μ^−η^′) = G_F 2 √ 2 √ m_μm_τ {[ h^q_η′ J_q + h^s_η′ J_s ] λ_{τμ}(μ̄τ )_{S+P} + [ h^q_η′ K_q + h^s_η′ K_s ] λ^∗_{τμ}(μ̄τ )_{S−P} } , (23)

where h^i_M are defined by Eq.4 and the auxiliary functions are E = 1 m^2_{A0} ( Reλ_{uu} + Reλ_{dd} ) +i ( sin^2 α m^2_{H0} + cos^2 α m^2_{h0} )( Imλ_{uu} − Imλ_{dd} ) , F = − 1 m^2_{A0} ( Reλ_{uu} + Reλ_{dd} ) +i ( sin^2 α m^2_{H0} + cos^2 α m^2_{h0} )( Imλ_{uu} − Imλ_{dd} ) , (24)

J_q = 1 m_u + m_d [ 1 m^2_{A0} ( m_uReλ_{uu} − m_dReλ_{dd} ) +i ( sin^2 α m^2_{H0} + cos^2 α m^2_{h0} )( m_uImλ_{uu} + m_dImλ_{dd} )] , J_s = [ − 1 m^2_{A0} Reλ_{ss} + i ( sin^2 α m^2_{H0} + cos^2 α m^2_{h0} ) Imλ_{ss} ] , K_q = 1 m_u + m_d [ − 1 m^2_{A0} ( m_uReλ_{uu} − m_dReλ_{dd} ) +i ( sin^2 α m^2_{H0} + cos^2 α m^2_{h0} )( m_uImλ_{uu} + m_dImλ_{dd} )] , K_s = [ 1 m^2_{A0} Reλ_{ss} + i ( sin^2 α m^2_{H0} + cos^2 α m^2_{h0} ) Imλ_{ss} ] . From Eq.21-23, we can see that there are two types operators (μ̄τ )_{S±P} contribute to decays at tree-level. And it

should be noted that the small quark mass factor in the neutral Higgs- quark couplings are cancelled by the one in ⟨P^0|q̄γ_5q|0⟩. TABLE I: Constraints on the λτ μ from τ^− → μπ^0, μη^{(′ )} decays

Decay modes Bounds on λτ μ Previous Bounds

τ → μπ^0 ≤ 63.62 λτ μ ∼ O(1) [28], λτ μ ∼ O(10) − O(10^2 ) [34]

τ → μη ≤ 2.76 λτ μ ∼ O(10^2 ) − O(10^3) [35] τ → μη^′ ≤ 4.48 |λμμ| = |λτ τ | = |λμτ | = |λeμ| = 10 [36]

In this work we choose ξ^{U,D} to be complex for the sake of simplicity, so that besides Higgs boson masses, only

λ_{uu}, λ_{dd} and λ_{ss} in the quark sector and λ_{τμ} in the lepton sector are parameters relevant to the semileptonic τ decays.

Totally there are seven parameters in the amplitudes: λ_{qq} (q = u, d, s), λ_{τμ}, their phases θ, the masses of neutral Higgs

m_h0 , m_H0 , m_A0 and the mixing angle α. Taking into account of constraints on parameters from experimental data

and theoretical limits, the values of parameters can be taken as [32, 33, 34] θ = π/4, |λ_{uu}| = 150, |λ_{dd}| = 120, |λ_{ss}| = 100, m_h0 = 115GeV, m_A0 = 120GeV, m_H0 = 150GeV, α = π/4.(25)

FIG. 1: The branching ratios as functions of |λτ μ| for fixed m_H0 = 150GeV, m_A0 = 120GeV, m_h0 = 115Gev, α = π/4, the phase of λτ μ, θ = π/4 in the 2HDM III. (a) for τ^− → μ^−π^0 decay, (b) for τ^− → μ^−η decay, and (c) for τ^− → μ^− η^′ decay. The upper horizontal lines denote Belle upper bounds. The lower horizontal lines denote the possible upper bounds obtained naively by scaling Belle upper bounds with 540fb^{−1} integrated luminosity. The dotted bands correspond to the effects of hadronic inputs uncertainties.

where the higgs masses satisfy the relation 115GeV ≤ m_h0 < m_A0 < m_H0 ≤ 200GeV [32, 33, 34].

In the literature, the effects of λ_{ij} have been studied under different phenomenological considerations [19, 28, 29, 32, 33, 34, 35, 36, 37]. For comparison we list bounds on the λ_{τμ} parameter of 2HDM III in Table.I. In Ref. [28], it is suggested λ_{τμ} ∼ O(1). However, based on limits from (g − 2)_μ results [34] and tau decay [35], λ_{τμ} could have much larger value ∼ O(10 − 10^3). The branching ratios for τ^− → μ^−π^0(η, η^′) versus |λ_{τμ}| in 2HDM III are presented in Fig.1, where Fig.1.(a), Fig.1.(b) and Fig.1.(c) are the results for τ^− → μ^−π^0, τ^− → μ^−η and τ^− → μ^−η^′ decays, respectively. The dotted bands show our theoretical uncertainties due to the variants of hadronic inputs as in Eq.(10). The hadronic uncertainties in B(τ → μπ^0) arise from f_π and are very small. Although B(τ → μη, μη^{′)}) involve the poorly known parameters h^q_η and h^q_η′ , the two decays are dominated by h^s_η and h^s_η′ , respectively. So the hadronic uncertainties are moderate. The upper horizonal lines denote current Belle upper limits. As shown in Fig.1, the branching ratios, as functions of |λ_{τμ}|, rise rapidly with the increase of |λ_{τμ}|. We find that τ^− → μ^−η(η^′) decays are more sensitive to |λ_{τμ}| than τ^− → μ^−π^0 decay. From the Belle measurement[4], we get bounds on the LFV coupling |λ_{τμ}| which are listed in Table.I for hadronic inputs with central values defaulted. τ^− → μ^−η, η^′ decays give upper bounds on the strength of |λ_{τμ}| at order of O(1), while τ^− → μ^−π^0 gives a looser bound. As shown in Table.I, comparing to the former constraints from other processes, we have obtained much more stringent bound for |λ_{τμ}| from τ → μη^{(′)}. Through calculations, we find that the branching ratios of τ^− → μ^−π can be as low as 2.0 × 10^{−9} when λ_{τμ} ≃ 4.5. It should be noted that the current Belle bounds are based on only 153.8fb^{−1} data. Up to now, Belle has accumulated about 540fb^{−1} data already. To show the potential of bounding on LFV couplings with the full data at Belle, we scale the currents upper bounds naively by a factor 153.8fb^{−1}/540fb^{−1}. As a benchmark, the potential are presented by lower horizontal lines in Fig.1, which would give bounds few times more restrictive than

these from current Belle upper limits.

To conclude this subsection, we have shown that, at the similar experimental sensitivity to the three decay modes,

searching for τ → μη^′ would put more tighten constraints on the Higgs couplings than these from τ → μπ^0 decays.

C. τ → μM in RPV SUSY model

The Supersymmetry model with explicit R-Parity breaking provides a simple framework for neutrino masses and

mixing angles in agreement with the experimental data[23, 24]. The R parity quantum number is defined by[21]

R = (−1)^{3B+L+2S} , (26)

where B is the baryon number, L the lepton number and S the spin, respectively.

Apparently, the lepton and/or baryon number violation could lead to R-Parity violation. The explicit R-Parity

breaking would introduce renormalizable bilinear higgsino-lepton field mixings and trilinear Yukawa couplings between

fermions and their super-partners [23] W_{RP V} = ∑ i μ_iL_iH_u + ∑ i,j,k ( 1 2 λ_{ijk}L_iL_j E^c_k + λ^′_{ijk}L_iQ_jD^c_k + λ^{′′}_{ijk}U^c_i D^c_j D^c_k ) , (27)

L_{RP V} = ∑ i μ_i(ν̄_{iR}H̃^{0c}_{uL} − ē_{iR}H̃^{+c}_{uL}) + ∑ i,j,k { 1 2 λ_{ijk} [ ν̃_{iL}ē_{kR}e_{jL} + ẽ_{jL}ē_{kR}ν_{iL} + ẽ^⋆_{kR}ν̄^c_{iR}e_{jL} − (i → j) ]

+ λ^′_{ijk} [ ν̃_{iL}d̄_{kR}d_{jL} + d̃_{jL}d̄_{kR}ν_{iL} + d̃^⋆_{kR}ν̄^c_{iR}d_{jL} − ẽ_{iL}d̄_{kR}u_{jL} − ũ_{jL}d̄_{kR}e_{iL} − d̃^⋆_{kR}ē^c_{iR}u_{jL} ]

+ 1 2 λ^{′′}_{ijk}ϵ_{αβγ} [ ũ^⋆_{iαR}d̄_{jβR}d^c_{kγL} + d̃^⋆_{jβR}ū_{iαR}d^c_{kγL} + d̃^⋆_{kγR}ū_{iαR}d^c_{jγL} ]} , (28)

where the indices i, j, k(= 1, 2, 3) label quark and lepton generations. L_i and Q_i are the SU(2)-doublet lepton and

quark superfields. U^c_i , D^c_i , E^c_i are the singlet superfields. λ_{ijk} is antisymmetric under the interchange of the first two

SU(2) indices, while λ^{′′}_{ijk} is antisymmetric under the interchange of the last two. For the detailed reviews on R-parity

violation SUSY model could be found in [38, 39, 40, 41]. The phenomenological constraints on R-parity violation

couplings have been studied extensively in various processes with different points of view [42, 43, 44, 45, 46, 47]. For

comparison, we list the constraints on λ, λ^′ couplings relevant to τ → μM in Table II, where the upper limits on λ

and λ^′ are generally O(10^{−2}) expect constraints from dd → uue^−e^− and K → πνν.

In the RPV SUSY model, the amplitudes of these decays are calculated to be

A(τ^− → μ^−π^0) = 1 8 √ 2 f_π0 { − m^2_{π0} 2m_d L_1(μ̄τ )_{S−P} + L_2p^μ_{π0} (μ̄τ )_{V +A} + L_3p^μ_{π0} (μ̄τ )_{V −A} } , (29)

A(τ^− → μ^−η) = 1 8 { p^μ_η f^q_η 2 L_2(μ̄τ )_{V +A} − [ p^μ_η f^s_η L_4 + p^μ_η f^q_η 2 L_3 ] (μ̄τ )_{V −A} + [ h^q_η 2(m_u + m_d)

L_1 + h^s_η 2m_s L_5 ] (μ̄τ )_{S−P} } , (30)

FIG. 2: B(τ → μπ) as function of R-parity violation couplings. (a) for |λ^′_{i11} λi23 |, (b) for |λ^′_{21k} λ^{′ ∗}_{31k} | and |λ^′_{3j1} λ^{′ ∗}_{2j1} |. Others are

the same as in Fig.1

A(τ^− → μ^−η^′ ) = 1 8 { p^μ_η′ f^q_η′ 2 L_2(μ̄τ )_{V +A} − [ p^μ_η′ f^s_η′ L_4 + p^μ_η′ f^q_η′ 2 L_3 ] (μ̄τ )_{V −A}

+ [ h^q_η′ 2(m_u + m_d)

L_1 + h^s_η′ 2m_s L_5 ] (μ̄τ )_{S−P} } , (31)

with

L_1 = λ^′_{i11}λ_{i23}

m^2_{ν̃}

, L_2 = λ^′_{21k}λ^{′∗}_{31k} m^2_{d̃}

, L_3 = λ^′_{3j1}λ^{′ ∗}_{2j1} m^2_ũ

, L_4 = λ^′_{3j2}λ^{′ ∗}_{2j2} m^2_ũ

, L_5 = λ^′_{i22}λ_{i23} m^2_{ν̃}

. (32)

From Eq.(29-31), we can see that the couplings relevant to lepton-number violation are λ and λ^′ couplings. There-

fore, in the decays τ → μM the parameters are the products of them: λ^′_{21k}λ^{′ ∗}_{31k}, λ^′_{i11}λ_{i23}, λ^′_{3j1}λ^{′∗}_{2j1}, λ^′_{3j2}λ^{′∗}_{2j2}, and λ^′_{i22}λ_{i23} which are denoted by L_i(i = 1, 2, 3, 4, 5), respectively. Among these coupling products, the first three

TABLE II: Constraints on the products of λ and λ^′ R-parity violating couplings for sfermion masses m~_f = 100GeV .

Couplings τ → μπ^0 τ → μη τ → μη^′ Previous Bounds

|λ^′_{i11} λi23 | ≤ 1.46 × 10^{−3} ≤ 3.6 × 10^{−2} [45], ≤ 1.1 × 10^{−2} [48]

|λ^′_{21k} λ^{′ ∗}_{31k} | ≤ 1.80 × 10^{−3} ≤ 1.93 × 10^{−3} ≤ 4.69 × 10^{−3} |λ^′_{i11} λ^′_{j11} | ≤ 1.2 × 10^{−2} [46]

|λ^′_{3j1} λ^{′ ∗}_{2j1} | ≤ 1.80 × 10^{−3} ≤ 1.93 × 10^{−3} ≤ 4.69 × 10^{−3} λ^′_{3jk} λ^{′ ∗}_{2jk} ≤ 9.1 × 10^{−2} [47]

|λ^′_{3j2} λ^{′ ∗}_{2j2} | ≤ 9.38 × 10^{−4} ≤ 1.53 × 10^{−3} |λ^′_{3jk} λ^{′∗}_{ijk} | ≤ 1.2 × 10^{−2} [46]

|λ^′_{i22} λi23 | ≤ 8.03 × 10^{−4} ≤ 1.3 × 10^{−3} ≤ 4.5 × 10^{−2} [45], ≤ 3.0 × 10^{−2} [48]

FIG. 3: B(τ → μη) as function of R-parity violation couplings. (a) for |λ^′_{i11} λi23 |, (b) for |λ^′_{21k} λ^{′∗}_{31k} | and |λ^′_{3j1} λ^{′ ∗}_{2j1} |, (c) for |λ^′_{3j2} λ^{′∗}_{2j2} |, and (d) for |λ^′_{i22} λi23 |, respectively. Others are the same as in Fig.1

contribute to τ → μπ^0 decay and all of them contribute to τ → μη(η^′) decays. Besides the type of (μ̄τ )_{S−P} operators, (μ̄τ )_{V ±A} operators also appear in the amplitudes of these decays due to Fierz re-arrangements. Because of ⟨P^0|q̄γ_μq|0⟩ = 0, λ^′_{21k}λ^{′ ∗}_{31k} and λ^′_{3j1}λ^{′ ∗}_{2j1} will contribute to these decays with the same coefficient.

As in literature, we assume that only one sfermion contributes one time with universal mass 100GeV. We present our results in Fig.2-4 for τ^− → μ^−π^0, τ^− → μ^−η and τ^− → μ^−η^′ decays, respectively.

From Fig.2-4, we find that these decays could be enhanced to the present Belle sensitivities with the presences of RPV couplings constrained by other processes[23], thus we can derive tighter bounds on the relevant RPV couplings. In Table II, we present bounds on RPV couplings derived from the Belle upper limits on the three τ LFV decay modes[4] at 90% CL with central values defaulted for hadronic inputs. Most of them are stronger than before.

For τ → μπ^0 decay, only three coupling products |λ^′_{i11}λ_{i23}|, |λ^′_{21k}λ^{′∗}_{31k}| and |λ^′_{3j1}λ^{′∗}_{2j1}| contribute to branching ratios. As shown by Fig.2, the upper bounds for |λ^′_{i11}λ_{i23}|, |λ^′_{21k}λ^{′ ∗}_{31k}| and |λ^′_{3j1}λ^{′ ∗}_{2j1}| are O(10^{−3}) which are more stringent

FIG. 4: B(τ → μη^′) as function of R-parity violation couplings. (a) for |λ^′_{i11}λi23 |, (b) for |λ^′_{21k} λ^{′ ∗}_{31k} | and |λ^′_{3j1} λ^{′∗}_{2j1} |, (c) for |λ^′_{3j2} λ^{′∗}_{2j2} | , and (d) for |λ^′_{i22} λi23 |, respectively. Others are the same as in Fig.1

than previous bounds (O(10^{−2}))[46, 47]. It is noted that the contribution of |λ^′_{i11}λ_{i23}| is enhanced by a factor 1/m_d. In numerical calculation, we take m_d = (4.2 ± 1.0)MeV [48], as shown by Fig.2(a), which causes large uncertainties for our theoretical prediction of |λ^′_{i11}λ_{i23}| contribution to τ → μπ^0. With defaulted value m_d = 4.2MeV, we get |λ^′_{i11}λ_{i23}| ≤ 1.46 × 10^{−3}.

All the five PRV coupling products contributing to τ → μη, μη^′ decays. The sensitivities of the decays τ → μη and τ → μη^′ to these five RPV coupling products are depicted by Fig.3 and Fig.4, respectively. As shown by Fig.3.(a) and Fig.4.(a), the contributions of |λ^′_{i11}λ_{i23}|(L_1) are subjected to huge theoretical uncertainties which arise from the poorly known h^q_{η(η′ )} and m_q as shown by Eq. (30, 31). We could not get meaningful upper bounds on |λ^′_{i11}λ_{i23}| from τ → μη, μη^′ decays. As shown by Fig.3.b-d and Fig.4.b-d, τ → μη, μη^′ decays are very sensitive to the contributions of |λ^′_{21k}λ^{′ ∗}_{31k}|, |λ^′_{3j1}λ^{′ ∗}_{2j1}|, |λ^′_{3j2}λ^{′∗}_{2j2}| and |λ^′_{i22}λ^{′ ∗}_{i23}|. Therefor we get strong bounds on these four products which have improved the existing ones by one order [45, 46, 47, 47]. From Fig.3.b-d and Fig.4.b-d, we can see that theoretical uncertainties are small for predicting the contributions of these four RPV coupling products.

It is noted that our study of τ → μη^′ in RPV SUSY is new. The decays τ → μπ^0, μη have been studied by Kim, Ko and Lee[45], however, we have used up-to-date hadronic inputs for η and η^′ [30].

D. τ → μM decays in Z^′ model with family non-universal couplings

Many extensions of the standard model, especially grand unified theories and supersymmetry models, have additional Z^′ bosons. In models with an extra U (1)^′ gauge boson, the Z^′ family non-universal couplings with the SM fermions generally induce flavor-changing neutral currents. In this paper, we refer to the basic formalism of Z^′ model elaborated in Ref.[49].

In the gauge basis, the Z^′ neutral-current Lagrangian can be written as

L^{Z′} = −g^′J^′_μZ^′_μ, (33)

with g^′the gauge coupling constant of the U (1)^′ group at the M_W scale. Here the renormalization group running between the M_W and M_Z′ scales is neglected considering the uncertainties of parameters. We assume that the Z^′ boson has no mixing with the SM Z boson [50]. The Z^′ current can be written as

J^′_μ = ∑ i,j ϕ̄^I_i γ_μ [(ϵ_{ϕL} )_{ij}P_L + (ϵ_{ϕR} )_{ij}P_R] ϕ^I_j , (34)

where I denotes the gauge interaction eigenstates and ϵ_{ϕL(R)} refers to the left(right)-handed chiral coupling matrix.

The fermion Yukawa matrices Y_ϕ in the weak eigenstate basis can be diagonalized by unitary matrices V_{ϕL,R} Y^{diag}_ϕ = V_{ϕR} Y_ϕV^†_{ϕL} . (35) V_{ϕL,R} could transform ϕ^I into mass eigenstate fields ϕ_{L,R} = V_{ϕL,R} P_{L,R}ϕ^I . The CKM matrix is given by the combination V_{CKM} = V_{u,L}V^†_{d,L} (36) Flavor changing effects(FCNC) will present when ϵ_{ϕL(R)} are nondiagonal matrices. The chiral Z^′ coupling matrices in the physical basis of fermions thus read

B^X_u = V_{uX} ϵ_{uX} V^†_{uX} , B^X_d = V_{dX} ϵ_{dX} V^†_{dX} , (X = L, R) (37)

where B^X_{u(d)} are hermitian.

The low energy effective Hamiltonian of τ → μM decays medicated by Z^′ is H^{Z′}_{eff} = − 4G_F √ 2 ( g^′M_Z g_1M_Z′

)_2 [ B^L_{τμ}(μ̄γ_μP_Lτ ) + B^R_{τμ}(μ̄γ_μP_Rτ ) ] ∑ q [ B^L_{qq} (q̄γ_μP_Lq) ] + h.c, (38) where g_1 = e/(sin θ_W cos θ_W ). The diagonal elements of B^{L,R} are real for hermiticity of the effective Hamiltonian,

but the off-diagonal elements may contain weak phases. We introduce new weak phases ϕ^{L,R} for B^{L,R}_{τμ} (B^{L,R}_{τμ} =

|B^{L,R}_{τμ} |e^{iϕL,R} ) under assumption of neglecting B^R_{qq} . Now we can write out the decay amplitudes

TABLE III: Constraints on the values of ξ in the flavor changing Z^′ model with family nonuniversal couplings

Parameters τ → μπ^0 τ → μη τ → μη^′ Previous Bounds

|ξ^{LL}| ≤ 1.81 × 10^{−3} ≤ 1.91 × 10^{−3} ≤ 6.91 × 10^{−3} ≤ 0.02([−70^∘, −55^∘ ]), ≤ 0.005([−80^∘, −30^∘]) [50],

≤ 0.0055(110^∘ ), ≤ 0.0098(−97^∘ ) [51]

|ξ^{RL}| ≤ 1.81 × 10^{−3} ≤ 1.91 × 10^{−3} ≤ 6.91 × 10^{−3}

|ξ^{LL} = ξ^{RL}| ≤ 1.28 × 10^{−3} ≤ 1.34 × 10^{−3} ≤ 4.78 × 10^{−3} ≤ 0.02([5^∘ , 15^∘]), ≤ 0.005([−80^∘ , −30^∘]) [50]

≤ 0.0104(−70^∘), ≤ 0.0186(83^∘ ) [51]

A(τ^− → μ^−π^0) = −i G_F 2 f_π0 p^μ_{π0} {X(μ̄τ )_{V −A} + Y (μ̄τ )_{V +A}} , (39) A(τ^− → μ^−η) = −i G_F √ 2 p^μ_η {[ 1 2 f^q_η Δ_1 + f^s_η Δ_2 ] (μ̄τ )_{V −A} + [ 1 2 f^q_η Γ_1 + f^s_η Γ_2 ] (μ̄τ )_{V +A} } , (40) A(τ^− → μ^−η^′) = −i G_F √ 2 p^μ_η′ {[ 1 2 f^q_η′ Δ_1 + f^s_η′ Δ_2 ] (μ̄τ )_{V −A} + [ 1 2 f^q_η′ Γ_1 + f^s_η′ Γ_2 ] (μ̄τ )_{V +A} } , (41)

with X = ( g^′M_Z g_1M_Z′

)_2( B^L_{τμ}B^L_{uu} − B^L_{τμ}B^L_{dd} ) , Y = ( g^′M_Z g_1M_Z′

)_2( B^R_{τμ} B^L_{uu} − B^R_{τμ} B^L_{dd} ) , (42)

Δ_1 = ( g^′M_Z g_1M_Z′

)_2( B^L_{τμ}B^L_{uu} + B^L_{τμ}B^L_{dd} ) , Δ_2 = ( g^′M_Z g_1M_Z′

)_2 B^L_{τμ}B^L_{ss}, (43) Γ_1 = ( g^′M_Z g_1M_Z′

)_2( B^R_{τμ}B^L_{uu} + B^R_{τμ}B^L_{dd} ) , Γ_2 = ( g^′M_Z g_1M_Z′

)_2 B^R_{τμ}B^L_{ss}. (44) As in literature, we take [50]

ξ^{LL} = ( g^′M_Z g_1M_Z′ )^2B^L_{τμ}B^L_{uu}e^{iϕL} , ξ^{RL} = ( g^′M_Z g_1M_Z′

)^2B^R_{τμ}B^L_{uu}e^{iϕR} , (45)

and B^L_{uu} ≃ −2B^L_{dd(ss)} [51].

We find that the variation of phase ϕ_{L,R} have nearly negligible influence on the branching ratios. So we take

ϕ_{L,R} = 10^∘ [50] as benchmark. At first, we assume that only one parameter contributes one time and then both ξ^{LL}

and ξ^{RR} contribute with the same strength. We present the correlation of branching ratio versus parameter |ξ| in

Fig.5-7. The branching ratios get the same contributions from |ξ^{LL}| and |ξ^{RL}|. The upper bounds on parameters

|ξ| from experimental data are O(10^{−3}) which are listed in Table III for comparison. Compared to former two new

physics scenarios, there is no scalar operator induced by Z^′ family non-universal couplings. Thus the poorly known

hadronic parameters h^{q,s}_M and factor 1/m_q are absent. Theoretical uncertainties are due to decay constants f_π and

f^{q,s}_{η,η}′ which have been determined with few percentages accuracy as listed in Eq.(10). So theoretical estimations of

these decays could be made quite accurate.

FIG. 5: B(τ → μπ^0) as function of Z^′ couplings. (a) for |ξ^{LL}| and |ξ^{RL}| contributing seperatly. (b) for both |ξ^{LL}| and |ξ^{RL}| contributing with the same strength. The horizontal lines are the same as these in Fig.1.

FIG. 6: B(τ → μη) as function of Z^′ couplings. The horizontal lines are same as these in Fig.1.

As shown by Fig.5 and 6, the sensitivities of B(τ → μπ^0) and B(τ → μπ^0) to the Z^′ LFV FCNC couplings are quite similar. From Belle upper limit on B(τ → μπ^0), we get ξ < 2 × 10^{−3} which are comparable with previous bounds [50, 51]. However, from Fig.7, we can see that τ → μη^′ decay gives weaker bounds than τ → μη(π).

Anyhow the Belle searching for τ → μM decays have already put strong bounds on the parameter spaces. In other words, these decays could be enhanced to the present B factories sensitives by the Z^′ family nonuniversal FCNC couplings without conflict with bounds from other exist measurements.

FIG. 7: B(τ → μη^′ ) as function of Z^′ couplings. The horizontal lines are same as these in Fig.1.

III. CONCLUSION

The measurement of LFV processes would be a definite evidence for physics beyond the SM. In this paper, we have studied LFV processes τ^− → μ^−M (M = π^0, η, η^′) at the tree level in the 2HDM III, RPV SUSY and flavor changing Z^′ model with family non-universal couplings. Since these decays are very sensitive to the presences of LFV couplings, we have derived constraints on parameter space of the three New Physics scenarios from the recent Belle limits[4]. Our main findings can be summarized as follows.

1. In 2HDM III, the strongest bound on λ_{τμ} comes from τ → μη decay. The bound is consistent with these in literature, however, improve these by several times.

2. In RPV SUSY, τ → μη, μη^′ decays are very sensitive to the contributions of |λ^′_{21k}λ^{′∗}_{31k}|, |λ^′_{3j1}λ^{′∗}_{2j1}|, |λ^′_{3j2}λ^{′∗}_{2j2}| and |λ^′_{i22}λ^{′∗}_{i23}| Therefor we get strong bounds on these three products which have improved the existing ones by one order [45, 46, 47, 47]. However, there are large uncertainties in calculating contributions of these RPV coupling products due to hadronic parameters h^s_{η,η}′ . We could not get bounds on |λ^′_{i11}λ^{′∗}_{i23}| from the two decays because of poorly known h^s_{η,η}′ . However, we can get strong bound on |λ^′_{i11}λ^{′∗}_{i23}| with τ → μπ^0.

3. In Z^′ model, theoretical predictions of Z^′ LFV coupling contributions could be make quite accurate. τ → μπ, μη and μη^′ decays have similar sensitivities to the LFV couplings. Belle current upper limits on B(τ → μη, μη^′) have already constrained ξ as small as O(10^{−3}).

In summary, we have shown that the LFV semileptonic decays τ → μπ^0, μη and μη^′ are very sensitive to the presences of LFV couplings in 2HDM III, RPV SUSY and Z^′ models. Using only 153.8fb^{−1} data, Belle recent upper limits for these decays have already given quite tight bounds on the LFV couplings in the aforementioned three new physics scenarios. It should be noted that Belle and BaBar had accumulated about 540fb^{−1} and 320fb^{−1}, respectively, till the end of year 2005. With refined measurements with the these data at Belle and BaBar, we could get more crucial information on LFV, at least more stringent bounds on the parameter spaces of models with LFV couplings. The results derived in this paper from the recent measurements at Belle would be useful for phenomenological studies of the scenarios in other interesting processes.

Acknowledgments

The work is supported by National Science Foundation under contract No.10305003, Henan Provincial Foundation for Prominent Young Scientists under contract No.0312001700 and the NCET Program sponsored by Ministry of Education, China.

References

[1] Y. Fukuda, et al., Super-Kmiokande Collaboration, Phys. Lett. B433, 9(1998); ibid. Phys. Lett. B436, 33(1998); ibid.

Phys. Rev. Lett. 81, 1562(1998).

[2] For a recent review, see, e.g., A. Masiero, S.K. Vempat and O.Vives, New J. Phys. 6, 202(2004). [3] G. Bonvicini, et al., CLEO Collaboration, Phys. Rev. Lett. 79, 1221(1997). [4] Y. Enari, et al., Belle Collaboration, Phys. Lett. B622, 218(2005) [arXiv:hep-ph/0503041]. [5] Y. Yusa, et al., Belle Collaboration, Phys. Rev. Lett. 93, 081803(2004). [6] Y. Yusa, et al., the Belle Collaboration, Phys. Lett. B 589, 103(2004). [7] S. Eidelman, et al., the Particle Data Group, Phys. Lett. B 592, 1(2004).

[8] K. Hayasaka, et al., the Belle Collaboration, Phys. Lett.B 613, 20(2005); B. Aubert, et al., the BABAR Collaboration, [arXiv:hep-ex/0502032].

[9] J. Hisano, et al., Phys. Lett. B357, 579(1995) [arXiv:hep-ph/9501407]; J. Hisano, et al., Phys. Rev. D53, 2442(1996) [arXiv:hep-ph/9510309]; Yasuhiro Okada,et al., Phys. Rev.D61, 094001(2000) [arXiv:hep-ph/9906464]; Seungwon Baek, et al., Nucl. Instrum. Meth. A 503, 244(2001) [arXiv:hep-ph/0109015]; W. Grimus, L. Lavoura, Phys. Rev. D66, 014016(2002) [arXiv:hep-ph/0204070]; G. Cvetic, et al., Phys. Rev. D66, 034008(2002) [arXiv:hep-ph/0202212]; Erratumibid. D68, 059901(2003); Andrea Brignole and Anna Rossi, Phys. Lett. B566, 217(2003) [arXiv:hep-ph/0304081]; E. Arganda, Phys. Rev. D71, 035011(2005) [arXiv:hep-ph/0407302]; E. Arganda, [arXiv:hep-ph/0411048]; Sebastian Jager, PITHA-05/07 [arXiv:hep-ph/0505243]; Shinya Kanemura, et. al., OU-HET 525, SISSA 54/2005/EP [arXiv:hep-ph/0507264].

[10] J.G. Hayes, S.F. King, I.N.R. Peddie, [arXiv:hep-ph/0509218]. [11] A. Ilakovac, Bernd A. Kniehl, Apostolos Pilaftsis, Phys.Rev. D52, 3993(1995). [12] T.Fukuyama, A.Ilakovac and T.Kikuchi, hep-ph/0506295.

[13] A. Brignole and A. Rossi, Nucl. Phys. B701, 3(2004); Phys. Lett. B566, 217(2003). [14] D. Black, T. Han, H.J. He and M. Sher, Phys. Rev.D66, 053002(2002) and references therein. [15] M. Sher, Phys. Rev. D66, 057301(2002).

[16] T. Huang, et al., Phys. Rev. D64, 071301(2001); E. Ma, and M. Raidal, Phys. Rev. Lett. 87, 011802(2001), and Erratum .ibid. 87, 159901(2001); Zhi-zhong Xing, Phys. Rev. D64, 017304(2001); Rodolfo A. Diaz, R. Martinez and J.-Alexis Rodriguez, Phys. Rev. D64, 033004(2001); J. E. Kim, B. Kyae, and H. M. Lee, Phys. Lett. B520, 298(2001); S. P. Martin, and J. D. Wells, Phys. Rev. D64, 035003(2001) ; H. Baer, et al., Phys. Rev. D64, 035004(2001).

[17] Sin Kyu Kang, Kang Young Lee, Phys. Lett. B521, 61(2001). [18] J. Liu and L. Wolfenstein, Nucl. Phys. B289, 1(1987).

[19] D. Atwood, L. Reina, and A. Soni, Phys. Rev. Lett. 75, 3800(1995); Phys. Rev. D 53, 1199(1996); Phys. Rev. D55, 3156(1997).

[20] W.S. Hou, Phys. Lett. B296, 179(1992); A. Antaramian, L.J. Hall, and A. Rasin, Phys. Rev. Lett. 69, 1871(1992); L.J.

Hall and S. Weinberg, Phys. Rev. D48, R979(1993); M.J. Savage, Phys. Lett. B266, 135(1991); M. Luke and M. J. Savage, Phys. Lett. B 307, 387(1993); L. Wolfenstein and Y.L. Wu, Phys. Rev. Lett. 73, 2809(1994); Gorazd Cvetic, Electroweak Symmetry Breaking, Proceeding of the Budapest Workshop(World Scientific, Singapore, 1995).

[21] P.Fayet, Phys. Lett. B69, 489(1977); G.R. Farrar and P. Fatey, Phys. Lett. B76, 575(1978); N.Sakai and T. Yanagida, Nucl. Phys. B197, 533(1982); C.S. Aulakh and R.N. Mohapatra, Phys. Lett. B119, 136(1982).

[22] S. Weinberg, Phys. Rev. D26, 287(1982).

[23] For recent reviews on RPV see, for examaple, R. Barbier et al., hep-ph/9810232, hep-ph/0406039, and references therein;

M. Chemtob, Prog. Part. Nucl. Phys. 54, 71(2005), hep-ph/0406029. [24] B.C. Allanach, A. Dedes, and H.K. Dreiner, Phys. Rev. D69, 115002(2004). [25] B. Holdom, Phys. Lett. B166, 196(1986).

[26] F. del Aguila, Acta Phys. Polon. B25, 1317(1994); F. del Aguila, M. Cvetic, and P. Langgacker, Phys. Rev. D52, 37(1995). [27] K.S. Babu, C.Kolda, and J. March-Russel, Phys. Rev. D54, 4635(1996); ibid., D57, 6788(1998). [28] T. P. Cheng and M. Sher, Phys. Rev. D35, 3484(1987); M. Sher and Y. Yuan, Phys. Rev. D44, 1461(1991). [29] David Bowser-Chao, King-man Cheung, Wai-Yee Keung, Phys. Rev. D59, 115006(1999) [arXiv:hep-ph/9811235]. [30] T. Feldmann, P. Kroll, B. Stech, Phys. Lett. B449, 339(1999) ; Phys. Rev. D58, 114006(1998). T. Feldmann, Int. J. Mod.

Phys. A15, 159(2000).

[31] Martin Beneke (Aachen), Matthias Neubert (Cornell), Nucl. Phys. B651 225(2003). [32] Yuan-Ben Dai,et al., Phys. Rev. D67, 096007(2003).

[33] Chao-Shang Huang, Jian-Tao Li, Int. J. Mod. Phys. A20, 161(2005) [arXiv:hep-ph/0405294]; A. Dedes and H.E. Haber, J. High Energy Phys. 05, 006 (2001); M. Krawczyk, [arXiv:hep-ph/0103223].

[34] Rodolfo A. Diaz,et al.,Phys. Rev. D67, 075011(2003). [35] U. Cotti, M. Pineda, G. Tavares-Velasco, [arXiv:hep-ph/0501162]. [36] R. Martinez, D. A. Milanes, J.-Alexis Rodriguez, [arXiv:hep-ph/0502087].

[37] R. Diaz, R. Martinez, J.-Alexis Rodriguez Phys. Rev. D 63, 095007(2001); R. A. Diaz, PhD Thesis, Universidad Nacional de Colombia, [arXiv:hep-ph/0212237] and references there in; Rodolfo A. Diaz, et al.,[arXiv:hep-ph/0311201]; J. L. Diaz-Cruz, et al., Phys. Rev. D69, 095002(2004); J.L. Diaz-Cruz and J.J. Toscano, Phys. Rev. D 62, 116005(2000); J.L. Diaz-Cruz, J. High Energy Phys. 05, 036(2003); Shinya Kanemura, et al., OU-HET 521 [arXiv:hep-ph/0505191]; P.Paradisi, [arXiv:hep-ph/0508054]; R. Martinez, J.-Alexis Rodriguez, M. Rozo , Phys. Rev. D64, 033004(2001) [arXiv:hep-ph/0212236]; F. Larios, R. Martinez, M.A. Perez, [arXiv:hep-ph/0401194]; Rodolfo A. Diaz,et al., Eur. Phys. J. C41, 305(2005) [arXiv:hep-ph/0406265].

[38] H. Dreiner, in Perspectives on Supersymmetry (edited by G. L. Kane), World Scientific, 1998, p.462. [39] G. Bhattacharyya, Nucl. Phys. Proc. Suppl. 52A, 83(1997) [arXiv:hep-ph/9608415]. [40] R. Barbier, et al., [arXiv:hep-ph/9810232].

[41] B. C. Allanach, A. Dedes and H. K. Dreiner, Phys. Rev. D60, 075014(1999) [arXiv:hep-ph/9906209]. [42] J. Erler, J. L. Feng, and N. Polonsky, Phys. Rev. Lett. 78, 3063(1997); D. K. Ghosh, S. Raychaudhuri, and K. Sridhar, Phys. Lett. B 396, 177(1997); D. Choudhury and S. Raychaudhuri, .ibid. 401, 54(1997).

[43] B. Brahmachari and P. Roy, Phys. Rev. D 50, 39(1994); J. L. Goity and M. Sher, Phys. Lett. B 346, 69(1995); F. Zwirner, Phys. Lett. B 132, 103(1983); S. Dimopoulos and L. J. Hall, Phys. Lett. B 207, 210(1987); R. M. Godbole,et al., Nucl. Phys. B401, 67(1993); R. N. Mohapatra, Phys. Rev. D 34, 3457(1986); M. Hirsch, et al., Phys. Rev. Lett. 75, 17(1995); K. S. Babu and R. N. Mohapatra, .ibid. 75, 2276(1995); V. Barger, et al., Phys. Rev. D40, 2987(1989); K. Agashe and M. Graesser, Phys. Rev. D54, 4445(1996); D. Choudhury and P. Roy, Phys. Lett. B 378, 153(1996); G. Bhattacharyya and D. Choudhury, Mod. Phys. Lett. A 10, 1699(1995); D. E. Kaplan,UW/PT 97-5; J. Jang, J. K. Kim, and J. S. Lee, Phys. Rev. D 55, 7296(1997); J. Jang, J. K. Kim, and J. S. Lee, Phys. Lett. B408, 367(1997); G. Bhattacharyya, et al., Mod. Phys. Lett. A 10, 1583(1995); G. Bhattacharyya,et al., Phys. Lett. B 355, 193(1995); Gautam Bhattacharyya, IFUP-TH 43/97 [arXiv:hep-ph/9709395]; A. Datta,et al., Phys. Rev. D 56, 3107(1997); Ji-Ho Jang, Yeong Gyun Kim, Jae Sik Lee, Phys. Rev. D58, 035006(1998); Gautam Bhattacharyya,et al., Phys. Lett. B493, 113(2000); P. Chiappetta, et al., Phys. Rev. D61, 115008(2000); Dilip Kumar Ghosh,et al., JHEP 0207, 067(2002); Shaouly Bar-Shalom, et al., Phys. Rev. D 67, 014007(2003); Xinqiang Li, et al., Eur. Phys. J. C36, 97(2004).

[44] M. Nowakowski and A. Pilaftsis, Nucl. Phys. B461, 19(1996); A. Joshipura and M. Nowakowski, Phys. Rev. D51, 5271(1995); G. Ross and J. W. F. Valle, Phys. Lett. B151, 375(1985).

[45] J.E. Kim, P.Ko, D.G. Lee, Phys. Rev. D56, 100(1997). [46] R. Barbier, C. Berat, et al., [arXiv:hep-ph/0406039]. [47] M. Chemtob and G. Moreau, Phys. Rev. D59, 116012(1999).

[48] K. Hagiwara, et al., [Particle Data Group Collaboration], Review Of Particle Physics, Phys. Rev. D66, 010001(2002). [49] P. Langacker and M. Plumacher, Phys. Rev. D 62, 013006(2000), and reference therein. [50] Vernon Barger, et al., Phys. Lett. B580, 186(2004). [51] Vernon Barger, et al., Phys. Lett. B598, 218(2004).